The Tunisian Dorsal area is representative of the semiarid Mediterranean region in terms of water resources availability as well as exceptional rainfall characteristics, runoff generation, and soil loss risk. In this context, soil properties, surface management practices together with highly intensive rainfall make the soils vulnerable to erosion. If the exceptional rainfall characteristics are linked to different erosion types, the erosion risk could be evaluated in a simple and straightforward way. In this regard, a short time-scale rainfall data base from the Dorsal area was analysed in the paper. The procedure used involves finding a representative duration between 1-60 min for the exceptional rainfall characteristics. Rainfall intensities of different return periods are then related to the different erosion types. The identified exceptional rainfall durations between 1-60 min were analyzed in terms of number of events, depth, average intensity and maximum intensity. Results show that the 15-min duration maximum intensity can be used to evaluate erosion risk based on soil erosion type. The developed methodology can be used to evaluate erosion risk in semiarid regions based on exceptional rainfall characteristics. In practical terms the results can be used to better manage catchments that are vulnerable to soil erosion.
INTRODUCTION
High-intensive rainfall contributes to water erosion and sediment transport (e.g., [1] [2] [3] [4] [5] ). Consequently, strong links exist between storm rainfall characteristics on the one hand and eroded soil amount on the other hand (e.g., [6] [7] [8] [9] [10] ). During the last decades much experimental and laboratory research work dealing with the relationship between rainfall characteristics and sediment concentration has been performed (e.g., [11] [12] [13] [14] [15] ). Non-availability of recorded shortterm rainfall data appears to be a major limitation for statistical modeling of soil erosion risk [16] . Observation of hydrological variables in small watersheds at sufficient detail is often lacking [17] [18] [19] . This is especially a drawback for areas in the semiarid Mediterranean and the Middle East, since the soil erosion is severe there [20] . These areas often display hydrological changes. The latter, are a combination of climate-induced and anthropogenic effects related to land and water management [21] .
Exceptional rainfall events are responsible for most soil erosion occurring under semiarid Mediterranean conditions [5] . According to the above, the objective of this paper is to determine the erosion risk by analyzing intensive rainstorms in semiarid Tunisia. And this, considering the maximum intensity characteristics and the links to soil erosion type. The utilized data are part of a unique high-resolution rainfall data base from 28 catchments collected during an EU-funded project [22] . The paper firstly describes the data base and collection methods. After this, maximum intensities for 1-60 *Address correspondence to this author at the National Research Institute for Rural Engineering, Waters, and Forestry, Box 10, Ariana 2080, Tunis, Tunisia; Tel: + 216 71 230 039; Fax: + 216 71 717 951; E-mail: sihem.jebari@iresa.agrinet.tn min durations within rainfall events are analyzed. Selected durations of these exceptional intensities are related to the risk for different soil erosion types. Finally, practical applications of the results are discussed.
MATERIAL AND METHODS

Study Area and Observed Network
The Dorsal Mountains represent the last part of the Atlasic Mountain range toward the east (Fig. 1) . The major peaks correspond roughly to 1000 m a.m.s.l. The mountains are often described as the southern boundary of northern Tunisia. The Dorsal corresponds approximately to the 400 mm/year rainfall isohyet (Fig. 1) . Although the annual amount is small, rainfall is often characterized by intense storms during some periods of the year. Annual variation ranges from 250 to 550 mm. Both annual and monthly rainfalls are characterized by a large irregularity. The spatial characteristics of fine time-scale rainfall through the Dorsal were analyzed in a previous study [23] . This paper deals with the statistical time patterns of rainfall and links to soil erosion risk.
Due to specific bioclimatic conditions of the Mediterranean climate, the soils are better characterized by the degradation of rock material rather than their organic matter content. Consequently, they are not well developed and often quite shallow. Moreover, soil erosion is a serious problem throughout the Dorsal area. The soil degradation that characterizes the Dorsal has led to serious soil erosion causing a thinner and uneven soil cover, that display the underlying bare bedrock. It has been estimated that 7% of the area are badly damaged by erosion and 70% are moderately damaged. During the decadal strategies, the Dorsal area man-agement was based on water and soil conservation practices that covered about 20% of the total area.
In general, the mean annual soil loss in semiarid Tunisia is about 11.5 metric tons/ha/year. This figure was determined according to the deposited sediment volume in the bottom of reservoirs. Wischmeier and Smith [24] , amounted soil loss tolerance to 12 tons/ha/year. This value is defined as "the maximum level of soil erosion that will permit a level of crop productivity to be sustained economically and indefinitely". Experiments throughout the Tunisian semiarid area have determined the average tolerable soil loss [25] . This is estimated to be respectively about 2.5, 5, and 10 tons/ha/year for thin, average and thicker soil. With a very slow rate of soil formation in some parts of the Mediterranean region, any soil loss more than 1 ton/ha/year can be considered as irreversible within a time span of 50-100 years [26] .
The rainfall gauge monitoring network covers 28 experimental catchments ( Table 1 ). The observation network was set up through the EU-funded Programme HY-DROMED (Research program on hill reservoirs in the semiarid Mediterranean periphery, 1992-2002; [22, 27] . At present it is managed by the Tunisian Farmland Conservation and Management Department (DG/ACTA). Each catchment discharges into a small reservoir. An automatic rain gauge is located at each site on the dike itself, as well as an automatic water level recording.
Rainfall Characteristics and Soil Erosion Processes
Raindrop impact initiates detachment of soil particles (rain splash) and causes crust formation [28] [29] [30] which seals the surface and limits the infiltration. Once the rainfall intensity exceeds the infiltration rate of the soil, overland flow of water occurs across the land surface, generating hydraulic forces that erode and transport sediments in a down-slope direction [31] . In the Mediterranean areas, very low values of saturated hydraulic conductivities are often found after 10 min of simulated rain [32] . As a consequence of weak aggregate stability of the soil surface, rainfall is often laterally distributed by Hortonian overland flow even for low intensity rainfall [33] . Runoff is the most important direct driver of severe soil erosion [28] . It often occurs at catchment scale, when rainfall intensities reach a minimum threshold of about 25 mm/h in 10 min [e.g., 34]. For other semiarid areas, observations have shown that about 15 mm rain may be needed to produce 1 to 2 mm of runoff [2] . High-intensity rainfall events affect runoff generation and erosion processes which are known to be highly non-linear [35] . This is also considered as the major contributor to long-term soil loss [36] [37] [38] . The lowest rainfall intensities leading to runoff on humid soil range from about 2 to 23 mm/h in Tunisian semiarid areas [39] .
Rainfall characteristics determine the erosive action of raindrops and overland flow. They also define the most common water erosion processes namely, interrill, rill, and gully erosion. Interrill erosion concerns uniform removal of soil and is assumed to be the first phase of the erosion process. It affects the largest areas and is of main importance in the erosion process [15, 28] . When overland flow is concentrated in well defined incisions in the soil surface, turbulent flow occurs and small rivulets are formed. This is known as rill erosion. The rill erosion amount increases with growing water inflow rate and slope [40] . Under extreme storms, rill erosion progresses to gully erosion. the latter, results in large incisions which cause severe damage to the landscape [31] [ 41, 42] . Gullies increase the connectivity of the drainage system, and seem to be a main component in sediment delivery [43] .
Return period intervals that characterize the rainfall events are crucial in describing the erosion impacts on the landscape. Bull [44] and Hooke [1] , showed that important events transporting sediments have a return period of more than 1 to 7 years. Garcia-Ruiz et al. [45] and Coppus et al. [2] described 1-year return period events as mobilizing bed load and 5-year return period events as mobilizing small rock avalanches and channelizing debris flows. According to [46] , events with an occurrence of 5 to 15 years considerably change the valley floor. Harvey [47] showed that 25-year event rainfall can modify the channel morphology. Finally, the 100-year return period rainfall shows reactivation of large, deep mass movements and exceptional events with a return period that exceeds 100 years are considered to be a catastrophic geomorphic process [2, 45] . 
Rainfall Data and Treatment
Twenty eight rainfall gauges from the hydrological network were used in this study (Fig. 1) . Missing data were less than 1% and the gauging density corresponds to approximately 1 gauge per 24 km 2 catchment area. Table 1 gives descriptive statistics for recorded rainfall events during the analyzed 10-year period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) . The rain gauges are fully automatic and provide an accuracy of ±4% up to 250 mm/h intensity for a 5-min time step. However, observed rainfall intensity is available down 1-min values [48] . Rainfall intensities could be computed with great accuracy for the range of durations used in the current study. Rain gauges are of tipping bucket type connected to a logger recording data every minute. A total of about 27000 station rainfall events were included in the present analysis. A rainfall event was defined as separated from another event if a rain gauge showed less than one tip per hour. For each rainfall event, duration, accumulated depth, average, and maximum intensity for 1, 2, 5, 10, 15, 20, 25, 30, 45, and 60-min durations were determined. Corresponding maximum intensities are hereafter named I 1 -I 60 . The events with maximum intensities corresponding to a return period superior to one year were kept for further analyses. These events are called exceptional rainfall events. It should be noted that exceptional events of certain duration often contain exceptional events with shorter duration.
In order to evaluate the representativity of the observation period as compared to long-term rainfall conditions a number of comparisons were made, particularly in terms of mean rainfall depth and maximum intensities. The longest and most reliable long-term records are from 10 nearby stations in the Dorsal Mountains. The mean annual rainfall for the longer period was about 406 mm (standard deviation was 124 mm). The same value for the period 1993-2003 was 365 mm (standard deviation was 102 mm). Maximum rainfall intensity for the investigated period was compared to long-term values for different time steps and return periods [49] . Fig. (2) shows intensity-duration-frequency (IDF) curves for the period 1964-2003. As seen in Fig. (3) , even if the investigated period was short (1993-2003) , it is still representative of longer periods in terms of maximum intensities corresponding sometimes to more than a 100-year return period.
Methods
The erosive characteristics of rainstorms and the resulting soil erosion process for the Tunisian semiarid area bring up many questions. For example, what is the importance of exceptional rainfall (rainfall intensities corresponding to a return period superior to 1 year) for the erosion risk? What time step is the most important when estimating the erosive potential of rainfall events? Which lower or upper limits of rainfall intensity characteristics could trigger erosion events? What is the most active erosion process in small catchments? Several aspects of the rainfall may be important to define events that lead to soil erosion. Different rainstorm charac- where T is rainfall return period in years and the duration of rainfall is 1 to 60 min.
The above relationships can be used in a simplified way, to estimate erosion risk based on short-term rainfall characteristics. It has to be remembered that the relationships are in general only valid for semiarid areas similar to the Atlasic catchments. The return period intervals should also be seen as an approximation for a large number of samples. Table 1 shows a summary of nearly 27000 identified station rainfall events during the observation period. The number of more or less independent rainfall events per year corresponds to between 70 and 180. The average number of rainy days is about 22% (80 days/year) for the entire rain gauge network with a maximum of 30% at Kamech and a minimum of 13% at Mouidhi. More than 80% of the events appear as afternoon rains. This is consistent with the convective storm system. The rainfall event duration does not exceed 1 hour in 70% of the cases. Rainfall events with duration of less than 6 hours represent about 28% and events superior to 6 hours only 2%. Because of this, the majority of events can be categorized as small meso-scale rainfall according to House [60] . Only 25% of the events exceed 3 mm in depth. This value is the threshold to evaluate the kinetic energy of rainfall [61] . They hold about 70% of the total rainfall depth and represent 90% of the rainfall erosivity potential.
RESULTS
General Rainfall Characteristics
Exceptional Rainfall Event Characteristics
The observed rainfall data during the studied period displayed a maximum rainfall event of 125.5 mm that lasted about 12 hours ( Table 1) . This corresponds to a daily return period of about 50 years and the highest return period of 20 years for I 45 and I 60 . Among notable events the maximum values during 10, 15, and 20 min duration were respectively 24, 60, and 74 mm. For 30 and 60 min duration, 82 and 98 mm, were recorded. These values correspond to about 25% of the highest recorded rainfall intensity in the world for a duration of 15, 20, 30 , and 60 min [62] .
The exceptional events represent about 12% of the annual rainfall station events in semiarid Tunisia (about 10-20 events per year). Exceptional events less than a 10-year return period, represent several hundred station events, while, larger than a 10-year return period corresponds to about 10-20 events. According to Fig. (3) , the number of exceptional events is unevenly distributed over the 1-60 min durations. One and 2-min duration exceptional events are rare. The 15-min duration displays a peak representing about 15% of all exceptional events. For instance, it displays 130, 45 and 171 more exceptional events than what is noted for the 5, 30 and 60 min durations, respectively. In general, the events occurring throughout the different durations seem to be nearly identical. If we have to choose representative durations for exceptional rainfall events, the 15-min duration, presents some advantages. When using, e.g., the universal soil loss equation (USLE; [24] ). The rainfall and runoff erosivity is expressed by the so-called R factor. The R factor is calculated as a product of the total energy of rainfall, E and its maximum 30-min intensity, I30. Consequently, the identified I30 exceptional intensities could be used to calculate the R factor. However, the I15 also displays possibilities to further elaborate on intensity variations within the 30-min duration. Compared to other durations it also displays the lowest stan- Fig. (4) . Seasonality of the identified exceptional rainfall events with 15-min duration (average of about 500 station events). dard deviation (15.8 mm) for rainfall depth and the smallest coefficient of variation (37.8%) linked to the maximum intensity values. In short, the 15-min duration, seems to be the most homogeneous sub-sample of exceptional rainfall intensities and also the most representative duration for erosive rainfall in the Dorsal area.
I 15 Characteristics and Erosion
Fig . (4) shows inter-annual variation of I 15 events. As shown in the figure, the majority of exceptional events occur with a major peak during the start of the rainy period in Tunisia between August September and October. During this specific period, the soils are the most vulnerable for rainfall erosion since they usually lie bare after the long dry period.
The average depth and duration for all identified 15-min exceptional events are respectively 25 mm and 105 min,. Corresponding average and maximum intensity are 23 and 56 mm/h. Table 2 shows a summary of the I 15 maximum event characteristics depending on station. As seen in the table the return period for these events are often much larger than the 10-year recording period and in several cases larger than 100 years. Consequently, the observation period may well represent a much longer period in statistical terms. The 5) shows the average temporal distribution for the 15-min duration exceptional rainfall events. The distribution appears somewhat skew with a centre of gravity towards the first half of the events. The intensity maximum occurs after about 5-10 min. The standard deviation displays a large variation for the first minutes that then gradually decreases. This indicates that some rainfall events may have large intensities right from the start which can cause great raindrop impact initiating detachment of soil particles.
The erosion types are linked to the different return periods (cf. Methods). Consequently, the risk of erosion appears to be related to specific exceptional 15-min intensities. This yields the following relationships: where I 15 is the exceptional rainfall intensity in mm/h. The above relationships should be regarded as a simplified way to estimate the occurrence of different erosion types depending on the maximum 15-min duration rainfall intensity. As such, the intensity boundaries should not be seen as fixed but rather indicative. Together with additional information on a particular catchment´s situation in the soil degradation cycle [63] , the relationships can be used to estimate the risk for different types of erosion in the Dorsal region. The results can be used to better manage erosion-prone catchments and also give input to erosion modelling.
CONCLUSION AND DISCUSSION
Semiarid regions are especially vulnerable to erosion due to a combination of geomorphological conditions, soil management, and the high-intensive character of rainfall. Due to this, there are needs to better develop methods and estimate the erosion risks in a simple way. The most rational means to do this is to start from the rainfall characteristics. About 12% of all rainfall events in the Tunisian semiarid region are erosive and can be categorized as being exceptional (return period equal and superior than 1 year). A literature survey of pertinent soil erosion research for semiarid regions shows that type of erosion can in a general way be related to rainfall return period. A combination of these results with the conclusions herein show that the 15-min exceptional rainfall intensity can be used to characterize erosive rainfall. And this leads forward to a simplified general relationship for the occurrence of a certain type of erosion. The relationship links erosion type with the 15-min exceptional rainfall intensity. The results can be used to estimate the risk of certain type of erosion in a simplified way based on short-term rainfall characteristics. Together with information on a certain catchment´s location in the soil degradation cycle. Results can be used as input to erosion modeling but also to better manage erosion risks in catchments with water erosion problems. 
